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A family of p160 coactivators was initially identified based on
ligand-dependent interactions with nuclear receptors and
thought to function, in part, by recruiting CREB-binding protein/
p300 to several classes of transcription factors. One of the p160
factors, p/CIP/AIB1, often amplified and overexpressed in breast
cancer, also exhibits particularly strong interaction with CREB-
binding protein/p300. In this manuscript, we report that p/CIP,
which exhibits regulated transfer from cytoplasm to nucleus, is
required for normal somatic growth from embryonic day 13.5
through maturity. Our data suggest that a short stature pheno-
type of p/CIP gene-deleted mice reflect both altered regulation
of insulin-like growth factor-1 (IGF-1) gene expression in specific
tissues and a cell-autonomous defect of response to IGF-1,
including ineffective transcriptional activities by several classes
of regulated transcription factors under specific conditions. The
actions of p/CIP are therefore required for full expression of a
subset of genes critical for regulating physiological patterns of
somatic growth in mammals.

N uclear receptors comprise a family of transcription factors
that regulate gene expression in a ligand-dependent manner
and include receptors for steroid hormones, such as estrogen and
glucocorticoid, receptors for nonsteroidal ligands, such as thy-
roid hormone receptor and retinoic acid receptor, as well as
receptors that bind diverse products of lipid metabolism (re-
viewed in refs. 1-5). A combination of genetic, biochemical, and
functional data suggests that many factors, including the BRG
(Swi/Snf) complex (6), CREB-binding protein (CBP)/p300,
p160 factors, p/CAF, and the TRAP/DRIP/ARC (7, 8) com-
plex are likely to be critical regulators for at least subsets of
nuclear receptor-regulated genes (9-15). However, by the simple
criteria of ligand-dependent binding and the ability to synergize
on cotransfection assays, numerous additional proteins have
been suggested to exert coactivator roles (4, 5).

Proteins of approximately 160 kDa molecular mass were
among the first factors identified that interact with nuclear
receptor in a highly ligand-dependent manner both in solution
(16, 17) and on DNA (18) and could themselves associate with
CBP (11, 12). Expression cloning and yeast two-hybrid screening
approaches led to the identification of three related genes that
encode these pl60 factors, referred to as SRC-1/NCoA-1,
TIF2/GRIP-1/NCoA2, and p/CIP/AIB1/ACTR/RAC3/
TRAM-1 (11, 19-25). These factors bind to nuclear receptors by
interactions of LXXLL motif-containing helices within the
interaction domain formed by conserved residues in helix3 and
helix12 of the liganded receptor (5).

Members of the p160 family of nuclear receptor coactivators
contain a highly conserved N-terminal bHLH-PAS domain that
is also present in members of the Per/Arnt/Sim family of
transcription factors and mediates protein—protein interactions.
Although several lines of evidence support the idea that p160
factors play important roles as nuclear receptor coactivators, in

part by recruiting CBP/p300 and/or arginine methyltransferase
(26), the extent of their role is not proven. Consistent with a
potential functional redundancy, the deletion of the SRC-1 gene
in mice results in only relatively subtle defects in the develop-
ment of estrogen receptor-dependent tissues, including uterus
and breast, that may be explained by the observed compensatory
increase in GRIP-1/TIF-2/NcoA2 expression (27, 28).

In this manuscript, we report the in vivo role of p/CIP, based
on analysis of p/CIP gene-deleted mice, revealing an unexpected
function of p/CIP for regulating normal somatic growth. This
phenotype is attributable to both alteration in the levels of the
insulin-like growth factor 1 (IGF-1) as independently described
(29) and a cell-autonomous defect in a program of gene tran-
scription that results in ineffective proliferative responses to
IGF-1 and other growth factors.

Materials and Methods

Generation of p/CIP Gene-Deleted Mice. A mouse p/CIP genomic
bacterial artificial chromosome (BAC) clone was obtained by
using a cDNA fragment encoding nuclear receptor interaction
domain. We determined the intron and exon structures of the
genomic locus. A 5'-flanking 5-kb BamHI fragment immediately
upstream of the nuclear receptor interaction domain and a
3'-flanking 3.5-kb HindIIl fragment just downstream of CBP-
binding domain were cloned into the plasmid pBluescript KSII.
The fragments were sequenced and cloned into Sa/l-Xbal and
Xhol-NotI sites of the pPGK-TKNeo-targeting vector (30). The
Notl-linearized construct (20 pg) was electroporated into R1
embryonic stem (ES) cells (in 0.8 ml of electroporation buffer)
at 250 V and 500 uF with a gene-pulser. ES cells were grown for
7-9 days in 150 ug/ml G418 and 2 mM gancyclovir for positive
and negative selections, respectively. Homologous recombina-
tion was identified by using appropriate probes (400-bp cDNA
fragment and 5-kb BamHI genomic fragment). External probes
were used to identify homologous recombination in the 3'- and
5'-flanking regions. Two ES cell lines exhibiting homologous
recombination were injected into C57BL/6 blastocysts that were
then implanted into pseudopregnant females. Chimeric mice
were backcrossed to C57BL/6 and germ-line transmission was
examined. Heterozygous and homozygous mice were identified
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by Southern blot analysis and genomic PCR, with a pair of
neomycin primers (product ~500 bp) and a pair primers from
deleted nuclear receptor interaction regions of p/CIP (P1 5'-
AGTGTCCTCCTCAACATCAGG-3" and P2 5'-CTTCTTAG-
GACTCAGCTGCTCC-3', and the product is 215 bp). Two lines
were generated and analyzed.

In Situ Hybridization, Inmunohistochemistry, Radioimmunoassays of
IGF-1, Fluorescence-Activated Cell Sorter (FACS) Analysis, and Analysis
of Mammary Gland Development. E15.5 mouse embryos were
isolated, fixed, and sectioned, and the sections were hybridized
with 3S-labeled antisense RNA probes as described (30).
Immunohistochemistry were performed on 5- to 7-um thick
paraffin sections or 20-um sections cut on a cryostat by
indirect immunoperoxidase method. Serum IGF-1 levels were
determined by the manufacturer’s protocol (Diagnostic Sys-
tems Laboratories, Webster, TX). Annexin V staining was
performed on mouse embryonic fibroblasts (MEFs) according
to the manufacturer’s (PharMingen) protocol. Propidium
iodide- and annexin V-stained MEFs were analyzed on FACS
with the CELL QUEST program from Becton Dickinson. The
fourth mammary glands from virgin and pregnant female mice
were dissected out, fixed in 10% formalin overnight, and
transferred and stored in 70% ethanol. The glands were
defatted in acetone for 3 h with three changes of acetone.
Mammary glands were stained in Harris’s hematoxylin for 2 h
after two passages in 100% and 95% ethanol, each for 1 h, and
destained in acidic 50% ethanol. They were then dehydrated
and stored in methyl salicylate.

Preparation of MEFs and Hepatocytes, Western Blot Analysis, RNase
Protection Assays, and Single Cell Nuclear Injections. The E13.5—
E16.5 embryos were dissected out by C-sections of pregnant
mothers, and embryonic fibroblasts were cultured in DMEM
high glucose medium with 10% FCS and sodium pyruvate, after
removing liver and blood from embryos and trypsin digestion.
Third to sixth passages of MEFs were used in the experiments.
Cultures of hepatocytes from adult mouse livers were prepared
after two-step in situ perfusion with 0.5 mM solution of EGTA
and collagenase type I'V (Sigma) as was described (32). Kidneys
were dissected from wild-type and p/CIP(—/—) mice and
mechanically homogenized into single cells; whole cell extracts
were prepared, and 50 ug of protein was loaded in each lane of
an SDS gel. Western blots were performed as previously de-
scribed. Total RNA was isolated from MEFs or individual organs
of mice with RNeasy Mini kit from Qiagen (Chatsworth, CA).
Total RNA (10 ng) was used in RNase protection assays with the
RNP III kit from Ambion. Single cell nuclear microinjection
assays were performed by using MEFs as described (31). 5-Bro-
modeoxyuridine (BrdU) immunofluorescence labeling and
staining were performed on MEFs and isolated liver cells as
described in ref. 33.

Results

p/CIP Exhibits Regulated Intracellular Localization. In situ hybrid-
ization and immunohistochemical analyses of members of the
p160 family coactivators exhibit distinct, albeit highly overlap-
ping patterns of expression. p/CIP was highly expressed in the
thyroid gland, thymus, kidney, lung, retina, and skin (Fig. 14).
To begin to further investigate p/CIP functions as a coactivator,
a yeast two-hybrid screen using the nuclear receptor and CBP
interaction domains of p/CIP as bait was performed to search for
interaction partners of p/CIP. Unexpectedly, we found that the
cytoplasmic protein, IkBvy, interacted with p/CIP in this system
and in glutathione S-transferase fusion protein-binding assays
(data not shown). Based on these interactions, immunohisto-
chemical studies were performed to determine whether p/CIP
could localize to both nuclear and cytoplasm compartments.
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Fig. 1. Generation of p/CIP gene-deleted mice. (A) In situ hybridization
analysis of p/CIP transcript in E15.5 embryo. Strong expression is detected in
thyroid gland, thymus, kidney, retina, lung, and epidermis. (B) Cytoplasmic/
nuclear localization of p/CIP. Under serum-free conditions, in Rat-1 cells, the
immunoreactive p/CIP is largely cytoplasmic (control); addition of insulin
(10~7 M) for 30 min causes most of p/CIP relocate to nucleus; pretreatment by
cycloheximide (CHX; 10 uM) for 1 h or the mitogen-activated kinase kinase
(MEK) inhibitor PD 18059 (10 ng/ml) and 12 nM okadaic acid did not alter the
insulin effect; however, 90 nM okadaic acid reversed the insulin effect. (C)
Strategy for homologous recombination of the p/CIP genomic locus. Probes of
5’and 3’ are shown, and the regions targeted for deletion are nuclear receptor
and CBP-binding domains. (D) Homologous recombination in ES cells. (E)
Homologous recombination and proof of generation of gene-deleted mice.
(F) PCR diagnostic strategy that is used to screen for genomic deletion. The
primers used are from the deleted nuclear receptor binding domain. (G)
Western blot analysis of kidney extract, showing the absence of p/CIP immu-
noreactive staining in p/CIP mice.

p/CIP exhibited both cytoplasmic and nuclear localization in
several cell types (Fig. 1B) as confirmed by analysis of nuclear
and cytoplasmic fractions using Western blotting (data not
shown). However, when cells were placed in serum-free condi-
tions, p/CIP rapidly redistributed to exhibit a predominant
cytoplasmic localization; although some immunoreactive protein
remained in the nucleus (Fig. 1B). Addition of insulin to the
Rat-1 fibroblasts cultured under serum-free conditions caused
most of the p/CIP to relocate to the nucleus; this redistribution
was not altered by a mitogen-activated kinase kinase (MEK)
inhibitor, PD 98059, and was not modified by treatment with
cycloheximide to block protein synthesis (Fig. 1B). Intriguingly,
the redistribution was sensitive to addition of high concentra-
tions of okadaic acid, which blocks the actions of both protein
phosphatase-1 (PP1) and 2A (PP2A). Low concentrations of
okadaic acid, which selectively inhibit PP2A, only had a limited
effect on insulin-stimulated redistribution. Therefore, it would
appear that PP1-dependent dephosphorylation events are in-
volved in the observed nuclear accumulation of p/CIP.
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Fig.2. Growth defect in p/CIP(—/—) mice. (A) Embryonic (E15.5) difference
of wild-type and p/CIP(—/— mice in size. (B) Weight difference of postnatal
day 1in wild-type, heterozygous, and p/CIP(—/—) mice. **, P< 0.01. (C) Rates
of growth in wild-type, heterozygous, and p/CIP(—/—) mice. (D) Expression of
GH using in situ analysis on adult pituitary gland. (E) Harris hematoxylin
whole-mount staining of mammary glands of 10-week-old female virgin
littermates from wild-type and p/CIP(—/—) mice (lymph node, LN); no repro-
ducible differences were observed at any developmental stages.

Generation of p/CIP Gene-Deleted Mice. To further characterize the
biological roles of p/CIP, we designed a targeting construct to
delete a portion of the p/CIP genomic locus. The genomic DNA
that encompasses the coding region of p/CIP is ~30 kb, as
diagrammed in Fig. 1C. A single exon encodes the entire nuclear
receptor interaction domain of p/CIP, whereas the CBP-binding
domain is encoded by four small exons. A targeting construct was
designed to delete both the nuclear receptor interaction and
CBP-binding domains, as shown in Fig. 1C.

Two ES clones exhibited homologous recombination in one
allele, documented by Southern blot analysis (Fig. 1D), as used
to generate chimeric mice. Mice heterozygous and homozygous
for the p/CIP gene-deleted locus were obtained by appropriate
breeding, and they were confirmed by the absence of wild-type
locus by genomic Southern blots and the absence of p/CIP
protein by Western blot analysis (Fig. 1 £ and G). We detected
increased expression of p300 and TIF2/GRIP1/NcoA2 in some
organs, such as kidney in p/CIP(—/—) mice by immunohisto-
chemical analysis, but not other organs, such as brain or liver
(data not shown). These data suggest that other coactivators
might potentially compensate for the loss of p/CIP in some
organs.

Analysis of 502 pups from heterozygous mating revealed an
expected Mendelian ratio of p/CIP mice [p/CIP +/+ 122, +/—
265, and (—/—) 114], which survived to adulthood and which
were fertile. Standard histological analyses of E15.5 embryos and
adults revealed generally normal morphology, including the
kidney, liver, thyroid gland, lung, and brain. FACS analysis with
CD4 and CDS antibodies demonstrated normal thymocyte de-
velopment in thymus, and a normal profile of peripheral CD4
and CDS single positive T cells in spleen, in both wild-type and
p/CIP(—/—) mice (data not shown). However, there was a facial
asymmetry, characterized by a random unilateral drop of the ear
that was observed in ~10% of the homozygous mutant mice.

Because p/CIP is often amplified and/or overexpressed in
breast cancer (20), we studied mammary gland development in
female mutant mice. First, we examined mammary glands of
10-week-old virgin mice, finding no difference when comparing
mutant mice and their female wild-type littermates, in the ductal
branching and elongation, or in penetrance of epithelial cells into
the fat pad by whole mount staining (Fig. 2E). We observed
similar proliferation of epithelial cells and lobulo-alveolar de-
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Fig. 3. Decrease of IGF-1 gene expression and serum levels in p/CIP(—/—)
mice. (A) RNase protection analysis on liver mRNAs by using specific probes;
loading of RNA were normalized based on beta-actin levels. From 100-200%
decreases of IGF-1 transcript were observed in age- and sex-matched, p25
mice. (B) IGF-1 serum levels in wild-type, heterozygous, and p/CIP(—/—) mice.
**, P < 0.01. (C and D) Growth rates and serum IGF-1 levels in wild-type,
heterozygous, and p/CIP(—/—) mice.

velopment in the mammary glands at different stages of preg-
nancy, and similar lactation and nursing behavior between
homozygous mutant mice and their wild-type littermates. On
examining the onset of puberty and estrus cycles by vaginal
smears, we found no significant difference between
p/CIP(—/—) mice and their wild-type littermates.

Growth Defects in p/CIP Gene-Deleted Mice. Although p/CIP(—/—)
mice were entirely viable, one phenotype exhibited 100% pen-
etrance. Mice heterozygous for the p/CIP deletion were slightly
smaller than their wild-type littermates (=10%), which is at the
limit of statistical significance. However, gene-deleted mice were
uniformly much smaller than the age- and sex-matched litter-
mates, whether male or female, with weight consistently ~30-
50% reduced compared to their wild-type littermates. Exami-
nation of ontogeny of growth and development revealed that the
decreased size of p/CIP gene-deleted embryos was apparent on
E13.5 and 50-70% of body weight of their littermates from E15.5
onward (Fig. 2 A-C). This growth impairment continued
through the neonatal period, through weaning and sexual mat-
uration, and into adulthood. Thus, somatic growth was affected
both before puberty and before growth hormone (GH)-
dependent control of hepatic IGF-1 modulation (34). Pituitary
development exhibited both normal morphology and cellular
proliferation, and all hormone-encoding genes were expressed
comparably in wild-type and p/CIP(—/—) mice (Fig. 2D and
data not shown).

The well-known relationship of IGF-1 pathways to regulation
of growth, specifically their roles during embryogenesis and
postnatal life (34), raised questions of the role of the components
of the IGF-1 pathway in the p/CIP(—/—) phenotype. Radio-
immunoassays of sera from p/CIP(—/—) mice and wild-type
littermates revealed a significant decrease, ~30-50%), in levels
of IGF-1 in p/CIP(—/—) mice, which was observed consistently
from p25 to pl80 in both males and females, although a
diminishing difference in IGF-1 levels was found with increasing
age (Fig. 3 B, C, and D), in concert with observations on mice
with a different gene deletion strategy (29). Furthermore, ex-
amination of IGF-1 transcripts by using RNase protection assays
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Fig. 4. Growth defects in p/CIP(—/—) cells. (A) MEFs from wild-type and
p/CIP(—/-) littermates embryos (E13.5-E16.5) were starved for 24 h, 10%
serum or 100 ng/ml human recombinant IGF-1 (GIBCO/BRL) was added for
14 h, and cells were then pulse-labeled with BrdU for 2 h. MEFs were then
immunostained with anti-BrdU antibody, and labeled cells were counted as
percentage of total cells. (B) A representative experiment of BrdUrd labeling
of MEFs. (C) Growth responses of primary hepatocytes to growth stimuli.
Hepatocyte cultures were maintained in 10% serum overnight and then
switched to serum-free medium for 24 h. IGF-1 (100 ng/ml), 10 ug/ml GH, or
10% serum was added to cultures for 14 h. BrdU labeling was performed as
described in A. (D) RNase protection analysis of IGF-1, IGF-2, and IGF-1 receptor
transcripts from MEFs. Total RNA (10 pg) was used in each experiment. (E)
Tyrosine phosphorylation of IGF-1 receptor in response to IGF-1 stimulation in
MEFs. Starved MEFs were stimulated with IGF-1 for 10 min as described in 4A;
equal amount of whole cell extracts were immunoprecipitated with anti-IGF-1
receptor I9G. The precipitates were then subjected to SDS/PAGE and Western
blot analysis by using anti-phosphotyrosine I1gG.

revealed up to a 2- to 3-fold decrease in IGF-1 mRNA in livers
in p/CIP(—/—) mice (Fig. 34), whereas no alterations in IGF
transcripts were observed in some other organs evaluated,
including ovary and spleen.

The observation that IGF-1 was affected in liver would not
account for the growth phenotype because even with serum
IGF-1 levels in liver-specific IGF-1 gene-deleted mice, ~25%
that of wild-type littermates, no growth defects were observed
(35, 36). On the other hand, mice deleted for the suppressor of
cytokine-signaling-2 (SOCS2) gene locus exhibited gigantism,
with IGF-1 levels higher in certain tissues such as heart and lung,
but with no alterations noted in the liver or serum (37).
Therefore, we investigated the possibility that there might be a
second component of p/CIP action by preparing MEF cultures
and primary hepatocyte cultures from adult livers. We examined
DNA synthesis in the MEFs by BrdU labeling in serum-starved
cells and cells subsequently treated with serum or growth factors.
Addition of serum to the starved MEFs resulted in comparable
labeling in both mutant and wild-type MEFs, indicating normal
DNA synthesis under this condition. Although addition of IGF-1
to wild-type MEFs resulted in significant DNA synthesis, only
minimal BrdU incorporation was observed in p/CIP(—/—)
MEFs (Fig. 44), indicating a defect in the response to IGF-1 in
these cells. To investigate molecular mechanisms underlying this
failure to respond to IGF-1, we examined expression levels of
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IGF-1-signaling components. The expression levels of IGF-1,
IGF-2, and IGF-1 receptor transcripts were almost equivalent in
both mutant and wild-type MEFs, as demonstrated using RNase
protection assays (Fig. 4D). We also examined mRNA levels of
IGF-1-binding proteins IGFBP1-IGFBP6, insulin receptor, and
IRS-1, IRS-2, and IRS-4 by “quantitative” PCR, with no dis-
cernable difference in any of these components between wild-
type and p/CIP(—/—) MEFs (data not shown). Further, West-
ern blot analysis suggested that IGF-1 receptor can be normally
phosphorylated in response to IGF-1 in p/CIP(—/—) MEFs,
although it might be expressed at very slightly lower levels than
in wild-type MEFs (Fig. 4E). We also evaluated growth response
in primary hepatocyte cultures, prepared from perfused livers.
Hepatocytes were cultured in medium with serum overnight and
then switched to defined medium without serum for 24 h. The
cultures were then stimulated with serum or GH. As shown in
Fig. 4C, both wild-type and p/CIP hepatocytes respond compa-
rably to serum; however, GH caused significant BrdU incorpo-
ration in wild-type, but much less in p/CIP(—/—) hepatocytes,
implicating a failure of response to a signal transducer and
activator of transcription pathway-dependent growth signal.

Role of p/CIP in Regulating Transcriptional Responses. IGF-1 is well
established to also serve as a survival factor, acting in part via
protein kinase B (AKT) kinase (38). This event inhibits expres-
sion of the FAS ligand gene as a result of phosphorylation of the
forkhead protein, FKHRLI, preventing its nuclear translocation
(38). We therefore investigated whether there was an increase in
apoptosis in p/CIP(—/—) MEFs, using Annexin V staining and
FACS analysis. As shown in Fig. 54 Top, both wild-type and
p/CIP(—/—) MEFs contained very few preapoptotic cells (low
right, LR), when they were maintained in normal 10% serum
medium. Serum starvation for 72 h resulted in significant
numbers of both dead cells [PI only staining, upper left (UL)]
and preapoptotic cells [annexin V only staining, lower right
(LR)], but comparably in both wild-type and p/CIP(—/—)
MEFs (Fig. 54 Top and Middle). Addition of IGF-1 to starved
MEFs for 24 h resulted in comparable rescues for preapoptotic
cells in both wild-type and p/CIP(—/—) MEFs (Fig. 54 Bottom).
These results demonstrated that the survival pathway of IGF-1
appeared to be intact in p/CIP(—/—) MEFs, whereas the
proliferative response was impaired.

We next tested whether the transcriptional activity of several
types of DNA-binding transcription factors were maintained in
the p/CIP(—/—) MEFs. As shown in Fig. 5B, we found that
MEFs from both wild-type and p/CIP(—/—) mice exhibited
normal transcriptional activities in response to the retinoic acid
and IFN-v by using the single cell nuclear microinjection assay
(31), when cultured in the presence of serum. However, in
serum-free conditions, we found that the retinoic acid IFN-y and
responses were markedly impaired in the p/CIP(—/—) MEFs
(Fig. 5B). In the presence of IGF-1, we found that there was only
a minimal response of the retinoic acid receptor to its ligand, and
the response to an IFN-y was ~50% of that of wild-type MEFs
(Fig. 5B). Therefore, p/CIP regulates a function(s) that in
nonproliferative cells resulted in impaired transcriptional activ-
ities by several types of regulated transcription factors.

To begin to define the molecular mechanism for the cell-
autonomous growth defects, we initiated studies of patterns of
gene expressions in the livers of age- and sex-matched littermates
using the Affymetrix U74 gene chips. Only the genes that were
down-regulated in the p/CIP(—/—) livers in all three pairs of
littermates were selected (Fig. 5D). IGF-1 met this requirement,
and two other genes that were decreased more than 2-fold were
aldo—keto reductase and ELKL motif kinase 2 (EMK2).

Wang et al.
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Aldo-keto reductase 5.0
ELKL motif kinase 2 long form (EMK2) 2.3
Protein synthesis initiation factor 4A (elf-4A) 2.2
OIf-1/EBF-2 transcription factor (O/E-2(9L)) 2.1
IERS (ler5) 2.0
>1.7-fold:

Soluble D-factor/LIF receptor 1.9
Activin type IB receptor (ALK-1) 1.8
Epidermal growth factor (Egfr) 1.8
Mu-class glutathione s-transferase-like 1.8
Septin 2-like cell division control gene 1.8
Glutathione peroxidase 17
Hairy/enhancer of split 6 (Hes6) 1.7
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Discussion

A large number of potential coactivators have been implicated
in ligand-dependent transcriptional activation of nuclear recep-
tors. One family of potential coactivators, the p160 family,
contains three known related members, of which p/CIP is
unique in exhibiting regulated translocation between nuclear
and cytoplasmic compartments. The previous discovery of
p/CIP amplification/overexpression in human breast cancers
(20) suggests a potential role in growth. In this manuscript, we
present genetic evidence that p/CIP is a required component for
normal patterns of somatic growth. Unexpectedly, the defects in
p/CIP gene-deleted mice reflect alternation in a growth factor
and cell-autonomous responses.

First, we have found evidence that p/CIP deletion causes a
decrease in serum IGF-1 levels, in agreement with independent
studies of a knockout mouse in which a different region of p/CIP
was deleted (29). We detected a decrease of IGF-1 transcripts in
the adult livers of both sexes of p/CIP(—/—) mice. However, this
difference in IGF-1 levels in liver and serum does not account
for the growth defects in the knockout mice because only 25%
of normal serum IGF-1 levels are sufficient for normal somatic
growth, as shown in liver-specific knockout mice of IGF-1 (34,
35). This result implies that additional genes are modulated by
p/CIP. Intriguingly, there is a second, cell-autonomous defect in
p/CIP(—/~—) mice, reflecting its physiological role in regulating
a small number of growth-related genes. The consequence of this
defect is to permit normal responses both in regulated gene
expression and in proliferation in the presence of serum; how-
ever, cell proliferation responses under serum-free conditions in
both MEFs and hepatocytes of mutant mice in response to GH
and IGF-1 are concomitantly decreased. These data suggest that
the proliferative response to IGF-1 and GH are both sensitive to
p/CIP levels, but this requirement is clearly compensated for in
serum-treated cells. Furthermore, responses to retinoic acid and
IFN-vy are selectively inhibited under serum-free conditions,
unmasking a key role of p/CIP in regulating gene transcription
under particular conditions. These results correlate with that of
single cell nuclear microinjections in Rat-1 cells analyzed by
using anti-p/CIP IgG (25). These findings are particularly in-
teresting in light of the report that alterations in genes regulated
by the signal transducer and activator of transcription pathway
are common in breast cancers (39).

We conclude that p/CIP is not required for regulated gene
expression of most nuclear receptor target genes, although expres-
sion of aldo-keto reductase, a well known target of liganded
nuclear receptor (40), appears decreased in p/CIP(—/—) mice.
However, p/CIP is clearly required for a small set of genes that
regulate physiological patterns of somatic growth, both during
embryogenesis and into adulthood. For example, the homolog of
EMK?2, EMK]I, is involved in the control of somatic growth (41).
Mice in which the EMK1 gene is deleted exhibit dwarfism from
E18.5 and onward (41). We suggest that this reflects quantitative
decreases in expression of a series of target genes that combinato-
rially affect somatic growth, and that the absence of p/CIP dimin-

Fig. 5. Role of p/CIP in regulated gene transcription and identification of
gene targets. (A) Analysis of apoptosis using annexin V staining (using re-
agents and the protocol of PharMingen) of MEFs from wild-type and
p/CIP(—/—) mice. MEFs were starved in serum-free conditions for 72 h and
were then stimulated with 100 ng/ml IGF-1 for 24 h. (B) Results of retinoic acid
(RA) and IFN-y responsive element reporters in p/CIP(+/+) and p/CIP(—/-)
MEFs, cultured under serum-free conditions, or in addition of 10% serum, or
IGF-1 (100 ng/ml). (C) Photographs of retinoic acid response on an RARE/B-gal
reporter in p/CIP(—/—) MEFs. (D) Affymetrix array analysis using total RNA
from livers of age- and sex-matched p/CIP(+/+) and (—/—) littermates was
performed in three separate experiments; only targets differing in all three
experiments are shown.
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